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The solution structure of the first zinc finger domain of SWI5: 
a novel structural extension to a common fold
Robert N Dutnall†, David Neuhaus* and Daniela Rhodes*
Background:  The 2Cys–2His (C2-H2) zinc finger is a protein domain commonly
used for sequence-specific DNA recognition. The zinc fingers of the yeast
transcription factors SWI5 and ACE2 share strong sequence homology, which
extends into a region N-terminal to the first finger, suggesting that the DNA-
binding domains of these two proteins include additional structural elements. 
Results:  Structural analysis of the zinc fingers of SWI5 reveals that a 15 residue
region N-terminal to the finger motifs forms part of the structure of the first finger
domain, adding a b strand and a helix not previously observed in other zinc finger
structures. Sequence analysis suggests that other zinc finger proteins may also
have this structure. Biochemical studies show that this additional structure
increases DNA-binding affinity.
Conclusions:  The structural analysis presented reveals a novel zinc finger
structure in which additional structural elements have been added to the C2–H2
zinc finger fold. This additional structure may enhance stability and has
implications for DNA recognition by extending the potential DNA-binding surface
of a single zinc finger domain.
Introduction
The control of transcription, DNA replication and recom-
bination relies upon the interaction of specific DNA
sequences with regulatory proteins. The DNA-binding
domains of such proteins are usually members of con-
served families of structural motifs (reviewed in [1,2]). A
feature of many DNA-binding motifs is that they contain a
‘DNA-recognition helix’, which is displayed on the surface
of the protein where it can access the DNA (usually in the
major groove) and make a set of sequence-specific interac-
tions. However, a single recognition helix cannot contact
an adequate number of base pairs to specify a unique (or
nearly unique) DNA sequence from the many possible
sequences within the genome of an organism. Two solu-
tions to this problem are commonly found amongst DNA-
binding proteins. The first, exemplified by the prokaryotic
repressor proteins of the helix-turn-helix (HTH) motif
family and others, is to bind DNA as a protein dimer,
thereby doubling the number of base pairs contacted. An
alternative solution is to concatenate individual DNA-
binding modules within a single polypeptide chain. Each
module recognizes only a short DNA sequence but by
tandemly linking these modules a binding site of increas-
ing length and sequence complexity can be specified. The
zinc finger family epitomizes this design [3].
The C2–H2 zinc finger family includes hundreds of
proteins, containing from 2 to 37 zinc finger motifs [4].
Typically, a canonical C2–H2 zinc finger motif comprises
around 30 amino acids with the consensus sequence
ψ-X-C-X2-5-C-X3-ψ-X5-ψ-X2-H-X3-5-H (where ψ=hydro-
phobic residue, X=any amino acid). The structures of zinc
fingers from many different proteins have been deter-
mined using nuclear magnetic resonance (NMR) tech-
niques [5–14]. All of them have a similar architecture: 
a two-stranded antiparallel b sheet containing the two con-
served cysteine residues packed against a short a helix
containing the two conserved histidine residues. This
structure is held together by the tetrahedral coordination
of a zinc ion by the cysteine and histidine residues, and 
by a small hydrophobic core composed of the three con-
served hydrophobic residues. Crystal structures of zinc
finger–DNA complexes [15–17] show that the a helix acts
as a DNA-recognition helix, contacting a 3–4 base pair site.
SWI5, a yeast transcription factor involved in the regulation
of mating-type switching, contains three C2–H2 zinc finger
motifs near its C terminus [18]. Previous studies showed
that the first finger of SWI5 differs markedly from other
known zinc fingers, in that residues N-terminal to the motif
are important for its structural integrity [19]. These residues
form an additional b strand, creating a three-stranded
antiparallel b sheet [11]. Several observations have sug-
gested that there might be still further structure N-terminal
to the first finger of SWI5. Firstly, SWI5 shares particularly
strong sequence homology with another yeast transcription
factor, ACE2 [20] (83% identity, 95% similarity), in a region
that includes the three zinc finger motifs. Significantly, this
level of homology extends for 30 residues N-terminal to the
first finger motif (Fig. 1), stretching beyond the residues
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previously identified as forming the third b strand of the
first finger domain. Secondly, it has been observed that
deletion of a 14 amino acid segment from this region is suf-
ficient to inactivate SWI5 in vivo (Fig. 1) [21]. Thirdly,
although zinc finger peptides from SWI5 lacking some or
all of this N-terminal region are capable of sequence-spe-
cific DNA recognition [22], they have a relatively low affin-
ity for DNA [19]. Together these observations strongly
suggest that the DNA-binding domain of SWI5 consists of
more than just its three zinc finger motifs.
In this paper we present a structural and functional analy-
sis of SWI5 zinc finger peptides that include the N-termi-
nal region, as defined by sequence homology with ACE2.
These studies show that the first finger domain of SWI5
has a novel structure, containing not only a three-stranded
b sheet but also an additional helix. Biochemical analysis
indicates that this helix increases DNA-binding affinity,
probably by extending the region of DNA that can be con-
tacted by the zinc finger domain. Through sequence com-
parisons we have also identified other zinc fingers with
homology to the first fingers of SWI5 and ACE2, thereby
defining a new subfamily of zinc fingers.
Results
Production of SWI5 zinc finger peptides
In order to define the structural and functional role of the
region of protein N-terminal to the first zinc finger motif
of SWI5, a number of peptides corresponding to either
one, two, or three zinc finger motifs of SWI5, with differ-
ent length N-terminal extensions (up to 30 residues) pre-
ceding the first finger motif, were expressed in Escherichia
coli (Fig. 1). The sequence numbering used for all pep-
tides throughout this paper is based on that of the longest
peptide studied here, peptide m30F, starting at Met1
(peptide nomenclature is defined in the legend to Fig. 1).
An extension of 30 residues includes the whole region of
high homology between SWI5 and ACE2 preceding the
finger motifs, while the 22 residue extension begins
slightly N-terminal to the non-functional deletion mutant
described by Tebb et al. [21].
All of the peptides are expressed in the soluble fraction 
of E. coli at high levels (approximately 10% total cell
protein as judged by SDS-PAGE) and can be readily
purified to near homogeneity in sufficient quantities 
for NMR. N-terminal sequence analysis confirmed that 
the peptides started at the expected position, although 
for constructs m22FST, m30FS and m30FST the N-ter-
minal methionine is absent, indicating its removal by 
E. coli following translation. For peptide m30F two 
sequences were obtained (NH2–MTNSPSKITR [approxi-
mately 40% abundance] and NH2–TNSPSKITRK
[approximately 60%]), indicating incomplete removal of
the N-terminal methionine residue following translation 
in E. coli.
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Figure 1
Aligned amino acid sequences of SWI5 and ACE2 including the three
zinc finger motifs and the region of homology N-terminal to finger 1.
Numbering above and below the sequences refers to native ACE2 and
SWI5 proteins respectively. Cysteine and histidine zinc ligands are
shown in bold. Vertical bars indicate amino acid identities. The
underlined residues in SWI5 are those deleted in a non-functional
SWI5 mutant referred to in the text [21]. The SWI5 zinc finger peptide
constructs studied in this paper are shown schematically below the
sequence. Peptides are named as follows: F, S, or T indicates the
presence of the first, second or third finger motifs respectively; the
preceding number is the number of native residues N-terminal to the
start of the canonically defined first finger motif (Phe550); an ‘m’
indicates the addition of a non-native methionine for expression
purposes. Peptide m10FST has been described previously [11,19].
The N-terminal region is involved in the structure of the
first zinc finger domain
Previous structural studies of SWI5 peptides with either
one or two zinc fingers showed that, in solution, there are
no significant interactions between adjacent zinc finger
domains [19]. However, one possible function for the
region N-terminal to the fingers, which was absent in
these earlier constructs, might be to form a supersecondary
structure holding the two zinc finger domains in a pre-
ferred orientation for DNA binding. To test this idea, two-
dimensional (2D) nuclear Overhauser effect spectroscopy
(NOESY) spectra of the two-finger peptide m30FS were
compared with those reported previously for the peptide
m10FS and the one-finger peptide m5S (corresponding to
finger two alone). All these spectra were acquired under
identical conditions [19]. As in the earlier studies, there is
essentially no difference between the patterns of NOE
cross-peaks and chemical shifts involving protons of finger
2 in any of these cases (data not shown). These results
show that the N-terminal region does not itself interact
with finger 2, nor does it induce any interactions between
fingers 1 and 2. As argued previously [19], any interaction
between the two fingers, even if only intermittent, would
almost certainly cause detectable chemical shift changes at
or near the point(s) of interaction. Hence, it appears that
the N-terminal region does not function to hold the
fingers in any fixed relative orientation.
In contrast to the case for finger 2, comparison of the
spectra of peptides m30FS and m10FS revealed many
chemical shift changes for the first finger motif, indicating
that the N-terminal region is involved in the structure of
the first finger domain. Having established that these two
fingers are structurally independent, it was thus possible
to establish the structural role of the N-terminal residues
by determining the structure of a peptide containing only
finger 1 (m30F).
Resonance assignments and secondary structure of
peptide m30F
Proton resonance assignments for peptide m30F (see also
Materials and methods) are available as supplementary
material (published with the electronic version of this
paper, accessible from within BioMedNet on the World
Wide Web at http://BioMedNet.com/). The higher quality
of spectra from peptide m30F allowed several additional
assignments to be made beyond those available for corre-
sponding signals in peptide m10FS [19]. These included
Asn48 NH, Tyr23 Ha, and more complete side chain
assignments for Lys22 and Lys44. Several assignments are
still missing for residues Arg45 and Arg46. Few cross-
peaks were detectable for these residues, even in jump-
return NOESY spectra, because the backbone NH signals
are weak and broad. This may be due to rapid exchange
with solvent, catalyzed by the nearby basic side chains of
Lys44, Arg45 and Arg46 (as observed previously [19]).
Eighteen slowly exchanging NH signals were assigned 
in rapidly acquired 2D-NOESY spectra of samples of
peptide m30F freshly prepared in 2H2O (see Fig. 2). Most
of these signals could no longer be detected 24 hours after
solvent exchange, but those of Phe36 and Cys39 persisted
for at least three months. Detection of so many slowly
exchanging signals at pH 6.5 is perhaps surprising, particu-
larly since no slowly exchanging signals were observed for
peptides m10FS or m5S under similar conditions [19].
The NMR data suggest that residues 2–15 of peptide
m30F are unstructured in solution. Signals from this
region show very little chemical shift dispersion from
‘random coil’ values [23], are relatively sharp and show no
medium- or long-range NOE connectivities. Furthermore,
NMR analysis (data not shown) of peptide m22FS shows
that the chemical shifts and patterns of NOE connectivi-
ties for the structured region of finger 1 are unchanged,
relative to those for peptide m30F, indicating that in these
peptides residues 2–9 (at least) are not involved in the
structure of the first finger domain.
Analysis of sequential and medium-range NOE connectiv-
ities shows the distribution of secondary structure ele-
ments in the peptide m30F (Fig. 2). These include the
expected secondary structure features for the portion cor-
responding to a canonical C2–H2 zinc finger (residues
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Figure 2
Summary of sequential and medium-range NOE connectivities for
peptide m30F. Secondary structure elements identified on the basis of
sequential and medium-range NOE connectivity patterns and chemical
shifts are indicated using rectangles for helices (residues 19–24 and
47–58) and arrows for b strands (residues 25–27, 31–34 and
41–44); unstructured regions are indicated by a broken line. The
canonical zinc finger region is coloured grey, the third b strand green
and the additional helix blue. Box height (sequential) and line thickness
(medium range) indicate distance constraint categories. Black boxes
indicate X-Pro dad connectivities and red lines indicate lower limit dNN
distance constraints. Residues with a slowly exchanging backbone NH
signal (detectable shortly after exchange into 2H2O, but not 24 hours
later) are indicated with a cyan circle; those with very slowly
exchanging backbone NH (still detectable after three months) are
indicated with a blue circle.
31–58). The NMR data also confirm the presence of the
third b strand (residues 25–27) identified previously [11],
and reveal a new feature, an additional helix running from
residues 19–24.
NMR constraints and structure calculations
A total of 518 conformational constraints were used to cal-
culate the structure of the first finger domain (summarized
in Table 1). Since the NMR data show that the N-termi-
nal residues are unstructured in solution, only residues
14–60 were included in the final round of structure calcu-
lation. Fifty structures were calculated, of which four were
discarded due to a poor fit to the experimental constraints
(Fig. 3a). Statistics relating to the ensemble of 46 struc-
tures retained are given in Table 1. These structures are
an excellent fit to the experimental constraints, having no
distance constraint violations >0.4 Å, no dihedral angle
constraint violations >3°, and very small deviations from
ideal covalent geometry. Data concerning definitely iden-
tified (see Materials and methods) and putative hydrogen
bonds are given in Table 2. Residues Lys30 and Gly38
have positive f angles in the calculated structures. For
both residues, strong intraresidue daN NOE connectivities
corroborate this finding [23].
The precision of the calculated structures is generally good
(Table 1 and Fig. 3b) and is significantly improved relative
to that for the previous structure of this finger (root mean
square [rms] deviation for N, Ca and C atoms of residues
Tyr23–His56 was previously 1.41 Å±0.61 Å [11] and is now
0.39 Å±0.15 Å). This improvement is due both to the
greater number of NOE-based constraints used to define
the structure (472 compared to 203), and to the inclusion of
hydrogen bond constraints. The greater number of con-
straints is derived in turn from the ability to examine
spectra of finger 1 without the complicating presence of
finger 2. Disorder in the structure is limited mainly to the 
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Table 1
Summary of conformational constraints and statistics for the
accepted 46 structures of the first SWI5 finger domain.
Structural constraints
Upper limit constraints 472
Intraresidue 85
Sequential 171
Medium range (2≤|i–j|≤4) 80
Long range (|i–j|>4) 136
Lower limit constraints (sequential dNN)* 7
χ1 Dihedral angle constraints† 9
Distance constraints for 15 hydrogen bonds 30
Total 518‡
Statistics for accepted structures
Mean X-PLOR energy term (kcal mol–1±SD)§
E(total) 167.21±8.84
E(van der Waals) 12.61±3.10
E(distance constraints) 16.98±3.27
E(dihedral angle constraints) 0.31±0.10
Rms deviations from the ideal geometry used within X-PLOR
Bond lengths 0.003 Å
Bond angles 0.97°
Improper angles 0.53°
Average atomic rms deviations from the average structure (±SD)
residues 18–58 (N,Ca,C atoms) 0.52 Å±0.15 Å
residues 18–58 (N,Ca,C,O atoms) 0.56 Å±0.15 Å
residues 18–58 X) 1.05 Å±0.25 Å
(all heavy atoms, including zinc)
residues 18–24 (N,Ca,C atoms) 0.46 Å±0.17 Å
residues 25–44 (N,Ca,C atoms) 0.27 Å±0.11 Å
residues 46–58 (N,Ca,C atoms) 0.37 Å±0.16 Å
*Positions of lower limit distance constraints are shown in Figure 2.
†Asp21, Tyr23, Asp29, Lys30, Phe32, Cys34, Cys39, Phe43 and
Tyr47. ‡Total=11 constraints per residue. §Energy terms are calculated
from the final coordinates using the forcefield in effect at the end of the
structure calculations.
Figure 3
Data relating to the quality of the structures. (a) Plot of X-PLOR
E(total) energy term and average root mean square (rms) deviation by
ensemble size for the 50 calculated structures in the final round. The
structures are arranged in order of increasing E(total) and the energies
are plotted on a log scale. The average rms deviation to the average
structure is calculated independently for each ensemble size, adding
successive structures in order of E(total). (b) Angular order parameters
for backbone torsion angles, calculated for the 46 accepted
structures. The angle order parameter is not defined for the f angle of
the first residue, or for the ψ angle of the last residue.
N and C termini, the loop connecting the b sheet and C-ter-
minal helix (residues 44–47) and the turn between the first
and second strands of the b sheet (residues 28–30). Dis-
order around residues 44–47 undoubtedly results from the
lack of assignments and distance constraints for Arg45 and
Arg46. The turn at residues 28–30 is well ordered locally
(rms deviation for N, Ca and C atoms of residues 27–31 is
0.085 Å; see also angle order parameters in Fig. 3b), but its
orientation relative to the b sheet is less well defined.
Description of the structure
The structure of the first zinc finger domain of SWI5 is
illustrated in Figures 4 and 5. The most novel feature is
the N-terminal helix packed across one face of the struc-
ture and oriented at approximately 90° to the DNA-recog-
nition helix. The existence of such a helix has not
previously been reported for any other zinc finger structure.
Another key feature is the presence of a three-stranded
b sheet, rather than the two-stranded b sheet found 
in most other zinc finger structures. The structure of 
residues 32–57 corresponds essentially to that of a canonical
C2–H2-type zinc finger; the backbone (N, Ca and C
atoms) of residues 32–57 superimpose well onto the corre-
sponding atoms of SWI5 finger 2 (rms deviation 1.15 Å) or
Zif268 finger 1 [15] (rms deviation 1.27 Å), which share the
same sequence spacings between metal-binding residues.
Disorder in the calculated structures makes it difficult to
establish whether the N-terminal helix actually starts at
Gly18 or Ser19, and in addition the NMR data are weakly
suggestive of a turn in this region (residues 16–18). Ser19
might well be the first helical residue, since its Og atom
could cap the pattern of helical hydrogen bonds and the
highly homologous protein ACE2 has another potential
helix-capping residue (Thr) at the corresponding position.
However, the NMR spectra do not allow the side chain
conformation of Ser19 to be determined. The orientations
of several backbone NH and CO groups in this region are
consistent with a 310 helical hydrogen bonding pattern
(Table 2). The NH of Val24 probably extends this pattern
by hydrogen bonding to Asp21 CO, but in this case the
H–O distance is longer, perhaps because Val 24 is
involved in the transition to the first b strand starting at
Lys25. The helix is also connected to the b sheet by a
hydrogen bond from Leu35 NH (in the loop between the
two metal-binding cysteines) to Tyr23 CO, forming an
unusual C-cap to the helix.
In the three-stranded b sheet, four hydrogen bonds
connect the first strand (residues 25–27) with the second
(residues 31–34), while two connect the second strand
with the third (residues 41–44). The first and second
strands are connected through a type 3:3 b turn [24] at
residues Pro28–Lys30, while the second and third strands
are linked by a slightly distorted type II b turn [24] at
residues Phe36–Cys39, similar to that described for SWI5
finger 2 [11]. Additional hydrogen bonds exist from Phe36
NH to Cys34 Sg and from Lys41 NH to Cys39 Sg,
forming the so-called ‘knuckle’ structures common in
zinc-binding proteins [25]. It is also interesting that there
is a slight difference in the structure of the N-terminal
b strand when comparing peptides m10FS and m30F. In
peptide m10FS residue Glu26 was found to have a posi-
tive f angle inconsistent with a true b strand structure
[11], whereas in peptide m30F this residue is the central
residue of the first b strand and has a large negative f
angle. Examination of the spectra confirm that this is a
genuine difference, as the intraresidue daN NOE intensity
for Glu26 is strong for peptide m10FS (as required for a
positive f angle [23]), but very weak for peptide m30F.
The start of the C-terminal helix is ill defined, due to dis-
order in the residues connecting it to the b sheet, but
analogy with other zinc finger structures suggests that it
should start at Arg46. The hydrogen bonding pattern
shows this helix is mainly a-helical, but with a distortion
between the two histidine zinc ligands. The calculated
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Table 2
Hydrogen bond distances and angles calculated from the 46
selected structures.
Location Donor* Acceptor* H–O N–H–O H–O–C
distance (Å) angle (°) angle (°)
N-terminal 
helix Lys22 Ser19 2.90±0.64 134 (0.98) 79 (0.98)
Tyr23 Ile20 2.24±0.21 154 (0.99) 114 (0.99)
Val24‡ Ile20 3.38±0.51 86 (0.96) 144 (0.96)
Val24‡ Asp21 3.19±0.35 152 (0.96) 95 (0.98)
Three-stranded 
antiparallel 
b sheet Lys25‡ Glu33 † – –
Glu33‡ Lys25 † – –
Met27‡ Thr31 † – –
Thr31‡ Met27 † – –
Phe32‡ Phe43 † – –
Phe43‡ Phe32 † – –
Turns Lys30‡ Met27 † – –
Thr31 Hg1 Asp29 Od 2.72±0.74 67 (0.93) 112 (0.90)
Cys39§ Phe36 † – –
‘Knuckles’ Phe36§ Cys34 Sg † – –
Lys41‡ Cys39 Sg † – –
C-terminal helix Ser51 Tyr47 3.42±0.36 153 (0.99) 120 (0.97)
His52‡ Asn48 † – –
Ile53‡ Ile49 † – –
Gln54‡ Arg50 2.34±0.24 158 (0.96) 145 (0.94)
Gln54‡ Ser51 2.84±0.35 100 (0.97) 91 (0.99)
Thr55‡ Ser51 2.41±0.34 138 (0.99) 147 (0.98)
Thr55‡ His52 2.44±0.21 135 (0.99) 97 (0.99)
His56‡ His52 † – –
Leu57‡ Ile53 † – –
Glu58 Gln54 2.21±0.19 126 (0.98) 114 (0.99)
Other Leu35‡ Tyr23 † – –
Mean distances are given with standard deviations; mean angles are
given with angle order parameters. *Hydrogen bonds are between
backbone NH and CO groups unless otherwise stated. †Hydrogen
bond constraint included in the structure calculations. ‡Backbone NH
proton exchanges slowly with 2H2O. §Backbone NH proton exchanges
very slowly with 2H2O.
structures do not completely distinguish between possible
hydrogen bonding partners for Gln54 NH or Thr55 NH
(Table 2). This turn of the helix may thus show some 310
character; this has been suggested to be a consequence of
the zinc binding geometry and occurs in other zinc fingers
with a His–X3–His sequence [6,10,11,13,15]. The return to
a-helical structure at the C terminus of the helix is similar
to to the corresponding region of thermolysin [26], upon
which an early model of the zinc finger was based [27].
As in other zinc finger structures, the three hydrophobic
residues at conserved positions in the motif (here Phe32,
Phe43 and Ile49) form a cluster at the tip of the finger,
above the zinc binding ligands (Fig. 4). However, in the
present structure this ‘classical’ hydrophobic core is
extended to form an interface between the two helices
(Fig. 4d). The ring of Phe36 is packed against Pro37 and
the rings of His56 and Tyr23, forming a link between the
zinc ligands and the N-terminal helix. Residues Phe32,
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Figure 4
The first zinc finger of SWI5. (a),(b) Two views
of the lowest energy structure of the first zinc
finger of SWI5, generated using the programs
MOLSCRIPT [58] and RASTER3D [59]. The
side chains of the zinc ligands are represented
using grey balls for carbon atoms, yellow balls
for Cys–Sg and blue balls for His–Nd or –Ne;
the zinc atom is shown as a large grey sphere.
The part of the structure corresponding to the
canonical zinc finger motif is shown in grey,
with the additional structural elements
coloured as in Figure 2. (c) Backbone
superposition of the ensemble of 46 structures
(superimposed on the N, Ca, C atoms of
residues 18–58), oriented as in (b). Individual
structures are coloured differently for contrast.
The N and C termini and the zinc atom are
marked. (d) Hydrophobic core of the structure.
The ribbon represents the backbone of the
lowest energy structure, oriented as in (b). The
side chain heavy atoms of the core residues
from the ensemble of 46 structures,
superimposed as for (c), are coloured as
follows: red, residues from N-terminal helix;
brown, residues from loop between cysteine
ligands; purple, the three hydrophobic
residues defined by the canonical zinc finger
sequence motif; green, residues from C-
terminal helix; black, zinc ligands (Cys–Sg
atoms in yellow, His–Ne atoms in blue). The
zinc is shown as a grey sphere.
Phe43, His52, His56, Phe36 and Tyr23 form a ‘chain’ of
aromatic ring interactions linking the hydrophobic core, at
the tip of the finger, to the zinc ligands and the N-terminal
helix. Side chain interactions of Ile20, Tyr23 and Val24
with Ile53, Gln54 and Leu57 pack the two helices together,
while interactions of Val24, Ile53, Phe32 and Ile49 connects
the core residues at the tip of the finger with the hydropho-
bic interface between the helices. All but one of these
hydrophobic residues are absolutely conserved between
SWI5 and ACE2 (Fig. 1), the only exception (Phe36 corre-
sponds to Tyr in ACE2) being a conservative change.
Homology with other zinc finger sequences may define a
new zinc finger subfamily
A search of the sequence data base has revealed that at
least two other zinc finger proteins have sequences similar
to those of SWI5 and ACE2 N-terminal to their zinc
fingers. Such homologous sequences were identified in
the Drosophila developmental regulatory protein Tram-
track [28] and the mammalian early growth response
protein NGFI-C [29] (Fig. 6). Within the additional helix,
structurally important residues are conserved, including
those involved in the extended hydrophobic core, and a
serine or threonine at the N-terminal end of the helix. 
It should also be noted that each of these finger motifs is
the most N-terminal finger of the protein. The protein
sequence of Tramtrack or NGFI-C and SWI5/ACE2
shows no homology N-terminal to the additional helix,
suggesting that this helix marks the N-terminal boundary
of this finger domain.
The available structural and biochemical data reinforce
the parallels between these finger domains. Residues
N-terminal to the first finger motif of Tramtrack are
important for DNA-binding activity [30] and were found
to form a third b strand in the crystal structure of the two
zinc fingers of Tramtrack (with seven residues N-terminal
to the first finger motif) in complex with DNA [16].
Although no structural data is available for NGFI-C,
sequences outside of its zinc finger motifs have also been
implicated in DNA binding [31].
The additional helix increases DNA-binding affinity
Previous studies of the zinc fingers of SWI5 have shown
that although the three zinc finger motifs (excluding the
N-terminal sequence) are sufficient for sequence-specific
DNA recognition, they bind to DNA relatively weakly
[19,22]. It was therefore important to test the effect of the
additional structural elements of the first finger of SWI5
on DNA-binding activity. To this end, DNA-binding
affinities of several of the zinc finger peptides were esti-
mated from gel retardation assays using a 28 base pair
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Figure 5
Stereo view of backbone N, Ca, C atom trace
of the lowest energy structure of peptide
m30F. The Ca atom of every fifth residue is
shown as a black sphere and the backbone N
atoms of slowly exchanging NH groups are
shown in cyan. The side chain heavy atoms of
the zinc ligands are coloured as in Figure 4a.
Figure 6
Sequences of zinc fingers homologous to SWI5 finger 1. For
Tramtrack (TTK) the sequence of residues 488–531 is shown, while
for NGFI-C the sequence of residues 354–398 is shown. The position
of the zinc ligands and the three conserved hydrophobic residues
defining the canonical zinc finger sequence motif are marked below
the sequence (+). Conserved residues in the N-terminal helix and
additional conserved hydrophobic residues are also marked (*).
Secondary structure elements are indicated using rectangles for
helices and arrows for b strands.
target DNA probe that represents the principal binding
site for SWI5 in the HO promoter [18,21]. The peptides
m10FST, m22FST and m30FST all contain the three
finger motifs of SWI5, but the first finger domain differs
in the following respects: first, in m10FST only the third
b strand is present in addition to the canonical part of the
structure; second, m22FST has the third b strand, the
additional helix and nine further N-terminal residues; and
third, m30FST has the third b strand, the additional helix
and 17 further N-terminal residues. Any contribution of
these regions to the DNA binding should be reflected in
their DNA-binding affinities. The contribution of the
additional b strand cannot be ascertained per se, as the first
finger domain does not fold in its absence [19]. Figure 7a
shows the results of a representative gel retardation assay
together with estimates of the apparent dissociation con-
stants (Kd) for the various peptides. The binding analysis
shows that the presence of the region of sequence contain-
ing the additional helix increases the DNA-binding affin-
ity of the peptides by a factor of 16 (from 2.5×10–7M for
m10FST to 1.6×10–8M for m22FST). The addition of the
rest of the region of homology does not increase affinity,
indicating that the nine additional unfolded residues in
m30FST do not participate in DNA binding.
Further evidence consistent with involvement of the addi-
tional helix in DNA binding was obtained from a methyla-
tion interference footprinting study, comparing the
constructs m10FST and m22FST (Fig. 7b). The footprint
of m22FST, which is very similar to that obtained with the
full length SWI5 protein [32], covers the six base pairs adja-
cent to the polyadenine (poly[dA]) tract. A comparison of
the footprints of peptides m22FST and m10FST shows
that the former is more distinct, both for the top and bottom
strands of the DNA. Furthermore, the footprint for the top
strand is apparently longer, extending into the poly[dA]
tract (this effect cannot be observed for the bottom strand,
since thymines are not methylated by dimethylsulphate).
These two features of the footprint of m22FST indicate
that this peptide binds DNA with higher specificity than
does peptide m10FST. This could be a consequence either
of a more extensive peptide–DNA interface, as suggested
by the larger size footprint of peptide m22FST, or of stabi-
lization of peptide–DNA contacts.
Discussion
The solution structure of the first zinc finger domain of
SWI5 has revealed a novel architecture. The addition of a
b strand and a helix to the canonical zinc finger fold
observed in all other zinc finger structures to date (with
the exception of the first finger of Tramtrack [16]) raises
the question as to why this zinc finger domain has
acquired these additional structural elements.
Structural role of the additional helix
Following the original discovery of the third b strand in
the first zinc finger domain of SWI5 [11,19] a role in main-
taining the structural stability of this domain was pro-
posed. This idea came chiefly from observations that the
first finger of recombinantly produced peptides was only
folded when the residues that form the third strand were
present. However, no direct measurements of stability
have been made. Indeed, such measurements cannot yet
be made for peptides lacking all additional structure
N-terminal to the first finger motif of SWI5, since they
have never been obtained in a folded form. Thus, from
our results, one may only say that the additional N-termi-
nal residues are required for stable expression of this
finger motif in a heterologous system.
Nonetheless, two observations suggest that the additional
helix may enhance the stability of this finger domain.
Firstly, addition of the residues that form the helix has
allowed high level expression, purification and structural
analysis of the isolated finger for the first time. Secondly,
the rate of solvent exchange for many backbone NH
protons is very much slower when the additional helix is
present than when it is absent. However, there are no
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Figure 7
(a) Gel retardation analysis of SWI5 zinc finger
peptides binding to the primary SWI5 binding
site from the HO promoter. Lane N=naked DNA.
Lanes 1–9 include increasing concentrations of
peptides (twofold steps) in the following ranges:
for m10FST, from 3.1 ×10–8 M (lane 1) to
4.0 ×10–6 M (lane 9); for m22FST and m30FST,
from 1.0 ×10–9 M to 2.5 ×10–7 M. Kd values
were calculated as in Fairall et al. [30]. 
(b) Methylation interference footprints of the
peptides m10FST and m22FST. Lanes 0=uncut
DNA; N=naked DNA; U=unbound DNA fraction;
B=bound DNA fraction. The DNA sequence is
shown at the side of each panel and positions
which strongly (+) or weakly (*) interfere with the
binding of peptide m22FST are indicated.
obvious features of that part of the structure correspond-
ing to the ‘canonical’ zinc finger motif that suggest it
should be intrinsically unstable in the absence of the
N-terminal structural elements. Residues Phe32–His56
adopt a structure essentially indistinguishable from those
of other zinc finger structures. Furthermore, hydrophobic
residues involved in contacts between the ‘canonical’ part
of the structure and the N-terminal extensions are often
also present in other finger motifs [4,6–12,14–17].
If the N-terminal structural elements do contribute to
enhanced stability, at least two causes can be imagined.
Firstly, a consequence of both the extension of the
hydrophobic core and the packing of the helix across one
face of the canonical zinc finger structure is that the zinc
ion is made more inaccessible to solvent. An indication of
this solvent exclusion is the observation that the backbone
NH protons of Cys39 and Phe36, which are located in the
zinc-binding pocket, have extremely slow exchange rates
(several months). Secondly, studies of other zinc fingers
have suggested that conformational exchange may occur in
the zinc-binding pocket, particularly involving the histidine
ligands [10,33,34]. In the first finger of SWI5 the packing of
the additional helix and the formation of the extended
hydrophobic core may act as a structural brace, reducing
any such conformational flexibility in zinc ligation.
The role of the additional helix in DNA-binding
The addition of the 22 amino acid sequence including the
additional helix N-terminal to the first zinc-finger of SWI5
leads to a significant increase in DNA-binding affinity, as
judged from gel-retardation analysis (Fig. 7a). Further-
more, the comparative footprinting analysis shows that the
presence of the N-terminal sequence leads to an enlarged
and more distinct footprint (Fig. 7b). These increases in
affinity and specificity are consistent with the domain
having a more extensive protein–DNA interface, although
an indirect effect on DNA-binding activity, via stabiliza-
tion of the structure, cannot be excluded. Since in all
structures of zinc finger–DNA complexes determined so
far, the finger domains interact with the DNA in a very
similar fashion, it seemed reasonable to model the inter-
action of the first finger domain of SWI5 with DNA to see
whether the additional structural elements might partici-
pate in an enlarged DNA-binding interface. Figure 8
shows the result of docking the novel finger domain of
SWI5 into the major groove of B-form DNA, using the
same relative arrangement as seen in the crystal structure
of the zinc fingers of Zif268 bound to DNA [15]. In this
model the additional helix lies close to the phosphate
backbone of the DNA, so that surface residues could make
additional DNA contacts. Previous DNase I footprinting
data from peptides with two or three zinc fingers [19,35]
showed that the first finger of SWI5 is oriented towards
the poly[dA] tract. These data provided an approximate
alignment for SWI5 on its DNA-binding site, which was
also used when constructing the model. The alignment is
consistent with the observed extended methylation inter-
ference footprint in this region when the additional helix is
present, and also with hydroxy radical protection in this
region (data not shown). However, since methylation mod-
ifies adenine at the N3 position, which is in the minor
groove and hence relatively distant from the peptide
(Fig. 8), it may be that the interference of binding in the
poly[dA] tract is due to a methylation-induced distortion of
the unusual DNA structure in this region [36], rather than
to steric clashes with the peptide itself.
A deletion analysis of SWI5 (by others) provides evidence
for the functional importance of the additional helix.
Deletion of residues 530–542 from intact SWI5, which
span the whole of the additional helix and seven residues
N-terminal to it, is sufficient to completely inactivate
SWI5 in vivo [21]. Our biochemical analysis and modelling
indicates that this mutant is probably inactive because its
DNA-binding affinity is reduced. Our model further sug-
gests that this reduced binding in the mutant may be asso-
ciated with the loss of the additional helix. However, we
cannot exclude the possibility that the unstructured
residues, present N-terminal to the additional helix in the
m22FST peptide, contribute to the binding affinity
through becoming ordered upon DNA binding. Work is
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Figure 8
Model of the first zinc finger of SWI5 docked to B-form DNA. A
schematic representation of the zinc finger structure is shown
prepared as in Figure 4a. The sequence of the DNA is that of the
primary binding site of SWI5 and the two DNA-strands are coloured
differently for contrast. The protein N and C termini and zinc ion are
marked as well as the 5′ and 3′ ends of the DNA strand (dark blue) to
which the additional helix makes its closest approach. The DNA-
recognition helix of the canonical zinc finger is positioned to contact a
base triplet on the cyan strand. This arrangement positions the
additional helix near the opposite (dark blue) strand across the major
groove, at a suitable distance (≈7 Å) for basic residues on the surface
of the helix to reach phosphate groups of the DNA backbone.
currently underway in our laboratory to determine the
structure of a SWI5 zinc finger–DNA complex, which
should yield detailed information about the role of the
N-terminal extension in DNA binding.
Implications for zinc finger–DNA recognition
The discovery of a new subfamily of zinc fingers (Fig. 6)
has implications for DNA recognition by zinc fingers. It is
known from crystal structures of zinc fingers in complex
with DNA that the binding sites of single C2–H2 zinc
finger domains all comprise only three to four base pairs,
with DNA contacts almost entirely restricted to only one
strand of the DNA [15–17]. A sufficiently long DNA-
binding surface is achieved by concatenating several zinc
finger motifs, with successive fingers binding in the major
groove so that three fingers would follow a complete turn
of the DNA helix. In contrast, our model of the first finger
of SWI5 bound to DNA shows that the additional struc-
tural elements could allow the domain to make significant
contacts to both sides of the major groove (Fig. 8). This
could provide an alternative means of increasing DNA-
binding affinity, and would also avoid the topological
problem that arises if several successive fingers are
wrapped around the major groove of DNA. Consistent
with this reasoning, the zinc finger proteins we have iden-
tified, from homology to the first finger of SWI5, contain
relatively few zinc finger motifs. Tramtrack has only two
finger motifs, while SWI5, ACE2 and NGFI–C have three.
Intriguingly, ADR1, which has only two finger motifs, has
also been shown to require residues N-terminal to the first
finger motif for binding [37]. Although these residues
show no homology to SWI5, it is possible that ADR1, and
perhaps other zinc finger proteins, may use different struc-
tural elements added to achieve a similar goal.
The addition of structural elements to the zinc finger
motif has parallels with other conserved DNA-binding
motifs. For example, the winged-helix-turn-helix family
consists of an HTH motif plus a loop or ‘wing’ that also
contacts DNA [38], while in the E. coli PurR protein an
additional DNA-binding helix is added to an HTH motif
[39]. An extra helix has also been observed in the C4 class
zinc finger DNA-binding domain of the retinoid X recep-
tor a, which is important for both protein–protein and
protein–DNA interactions [40]. Together with the struc-
ture of the first finger of SWI5, these examples reveal
further levels of the structural complexity and diversity of
DNA-binding motifs developed by nature, and issues the
caveat that definitions of DNA-binding domains made
solely upon homology with known sequence motifs
cannot always be relied upon.
Biological implications
Understanding how proteins recognize DNA in a
sequence-specific manner is important for understand-
ing cellular processes such as transcription. Recognition
is often achieved using a DNA-binding domain consist-
ing of modular units, one of the commonest and smallest
of which is the C2–H2 zinc finger. This 30 residue motif
folds into a two-stranded b sheet and an a helix held
together by coordination of a zinc ion. However, an indi-
vidual DNA-binding module such as a single zinc finger
is too small to make sufficient DNA contacts to specify
a unique target sequence with reasonable affinity. Zinc
finger proteins solve this problem by building a tandem
array of motifs, thus increasing the number of DNA
contacts they can make.
The structure of the first zinc finger of SWI5 presented
here represents a novel augmentation of the zinc finger
fold observed in other structures. A region of SWI5
N-terminal to the first finger motif forms an additional
b strand and a helix that pack against the canonical
portion of the finger. We have found that this additional
structure increases DNA-binding affinity, perhaps by
providing additional DNA contacts and thus achieving a
larger protein–DNA interface. Furthermore, we have
discovered that other zinc finger proteins have similar
sequences N-terminal to their first zinc finger motif,
suggesting this represents a sub-family of zinc finger
proteins. This structural analysis provides a better defin-
ition of the DNA-binding domain of SWI5 than that
based purely on recognizable DNA-binding sequence
motifs. In addition, it suggests that sequences adjacent to
zinc finger motifs in other proteins, or adjacent to other
common DNA-binding motifs, should be tested for their
possible contributions to DNA binding.
Materials and methods
Cloning, protein expression and purification
Peptides were expressed in E. coli using the T7 expression system
[41]. DNA fragments encoding the peptides were constructed via poly-
merase chain reaction (PCR) amplification using a plasmid template
containing the full length SWI5 coding sequence and appropriate
forward and reverse primers. Forward PCR primers were designed to
add an NdeI site introducing an initiator methionine codon at the N ter-
minus of each peptide. Reverse PCR primers were designed to add a
termination codon (5′–TAA–3′) followed by a BamHI site. Amplified
fragments were introduced between the NdeI and BamHI sites of the
T7 expression vector pET13a [42] and resulting plasmids screened 
by restriction mapping and DNA sequencing, to ensure that the frag-
ments had been inserted correctly with no sequence mutations. E. coli
BL21(DE3) transformed with the appropriate plasmid were grown at
37°C in rich medium (2 ×TY) containing 30 mg ml–1 kanamycin (or
100 mg ml–1 ampicillin, in the case of the peptide m10FST) until the
optical density of the culture at 600 nm (OD600nm)≈0.7, when peptide
expression was induced by addition of 0.4mM isopropyl-b-D-thiogalac-
topyranoside. Expression was allowed to continue for three hours
before cells were harvested by 10 min centrifugation at 1000 g (4°C).
Cell pellets were stored at –20°C before use.
Peptides were purified using column chromatography as described pre-
viously [19]. N-terminal sequences were determined by Edman degrada-
tion using an Applied Biosystems 477 (Applied Biosystem-Perkin Elmer,
Warrington, England) pulsed liquid sequencer. Protein concentrations
were derived from the absorbance of peptides in 5M guanidine-HCl at
276nm. Molar extinction coefficients were calculated on the basis of the
number of tyrosine, phenylalanine and tryptophan residues [43].
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Preparation of NMR samples
Protein samples for NMR were prepared from 12L of cell culture in a
buffer containing 40mM tetrasodium pyrophosphate pH 6.5, 0.5mM
ZnSO4. Sodium 2,3-[2H4]-3-trimethylsilylpropionate (0.1mM) was used
as a chemical shift reference. Samples of peptide m30F were prepared
at a concentration of approximately 4mM. These were stable at up to
290K for more than six months (as judged from NMR spectra). For
H2O samples, 2H2O was added directly to a final concentration of 15%
(v/v). For 100% 2H2O samples of peptide m30F, the peptide was
exchanged into 2H2O by gel filtration.
DNA-binding assays
Oligonucleotides for DNA-binding studies were synthesized, purified
and annealed as described previously [30]. The sequence of the
28 base pair oligonucleotide used to estimate dissociation constants
was as follows: 
5′-GCAAAAAAAAAACCAGCATGCTATAATG-3′;
3′-GTTTTTTTTTTGGTCGTACGATATTACG-5′.
The 49bp oligonucleotide used in footprinting studies represents base
pairs –1279 to –1322 relative to the start site of the HO promoter [18]
and contains the 28bp binding site. Radio labelling was achieved by
using [g32P]-ATP and T4 polynucleotide kinase or [a32P]-dATP and
reverse transcriptase. 
Gel retardation assays were performed at a DNA concentration of
1.0 ×10–10 M and non-specific competitor DNA, poly[dI–dC], was
included at 10 mg ml–1. The binding buffer was 20mM Tris.HCl pH 7.4,
2 mM MgCl2, 50 mM NaCl, 5% (v/v) glycerol. Reactions (20 ml
volume) were incubated at room temperature for 40–60 min and
complex formation analyzed by electrophoresis in 0.7% (w/v) agarose
gels in 0.5 ×TB buffer (45 mM Tris.borate pH 8.3) at 30 mA. Following
electrophoresis, gels were transferred to DE81 paper, dried and ana-
lyzed using a phosphorimager. Dissociation constants were calculated
as described previously [30].
Methylation interference footprinting was carried out essentially as
described previously [44]. Methylated DNA was incubated with peptides
and then bound and unbound fractions were separated by electrophore-
sis in 6% native polyacrylamide gels (30:0.8 acrylamide:bis-acrylamide,
0.5×TB) at 300 V. Peptide concentrations were chosen such that
approximately 50% of the methylated DNA was bound (for peptide
m10FST, a protein concentration 15–20 times higher than that for
peptide m22FST was required). Following autoradiography of the wet
gel, bound and unbound DNA fractions were excised and eluted from
the gel and then reacted with piperidine using conditions that cleave
both modified guanine and adenine bases (the ‘G>A’ reaction described
in [45]). The cleavage products were separated by denaturing poly-
acrylamide gel electrophoresis and visualized by autoradiography.
NMR methods
NMR spectra were acquired on a Bruker AMX500 (Bruker Analytische
Messtechnik GmbH, Karlsruhe, Germany) spectrometer at 283, 290 or
300K, as described previously [19], with the following exceptions. For
double quantum correlation (2Q) spectra in 2H2O, TPPI (time-propor-
tional phase incrementation) was omitted and the spectral width in F1
was reduced to 9000 Hz to achieve greater resolution. In a 2D–NOESY
spectrum collected shortly after exchange into 2H2O solution, 2048
(complex)×128 (real) data points were acquired to reduce the duration
of the experiment to approximately 6 h. A 13C–1H correlation spectrum
was obtained at natural abundance using the heteronuclear single
quantum coherence (HSQC) pulse sequence [46,47], omitting the final
refocusing period and 13C decoupling during t2. The initial refocusing
delay (∆ in the notation of Bax et al. [47]) was set to 2.94 ms. The spec-
tral width was 12500 Hz, allowing the aromatic 13C resonances to fold.
Spectra were acquired using 64 transients per t1 increment (homonu-
clear experiments) or 128 transients per t1 increment (13C–1H HSQC).
Spectra were processed using either ASPECT 3000, ASPECT X–32
or Aspect station 1 computers running the program UXNMR (Bruker).
Time-domain data were multiplied in both dimensions by phase-shifted
sine-bell or squared sine-bell functions. F2 baseline errors were
corrected by subtracting a polynomial of order 1, 2 or 3.
Resonance assignments
Proton resonances of the peptide m30F were assigned following the
conventional strategy of spin-system assembly and sequential assign-
ment [23], using a variety of standard homonuclear 2D-NMR spectra
and a natural abundance (13C–1H) HSQC spectrum, and making use
of the existing assignments for peptide m10FS [19]. Near the N termi-
nus assignment was hindered by the degeneracy of many signals,
especially those of Thr residues, and by sequence heterogeneity.
Residue Thr2, the N-terminal residue in the major form of the peptide,
was assigned on the basis of its high field Ha resonance (d3.93) and
missing NH resonance. Assignments were also made for side chain
protons of Met1, the N-terminal residue in the less abundant form of
the peptide (data not shown). Some residues near the N terminus
exhibit multiple resonances (e.g. Asn3 shows at least three NdH
signals), which may arise from N-terminal heterogeneity or from
cis–trans isomerization of Pro5. There is also limited evidence for hetero-
geneity or conformational exchange at the C terminus, where residues
Asp59 and Arg60 show two sets of resonances.
Distance constraints
A set of distance constraints were derived from a series of NOESY
spectra recorded in H2O and 2H2O with mixing times of 30, 60, 90,
120 and 200 ms. Constraints were classified as strong, medium, weak
or very weak on the basis of their appearance (number of contours in a
set of evenly contoured spectra) and the upper distance limits for these
categories were set to 2.3 Å, 2.9 Å, 3.5 Å and 5.0 Å respectively. The
classification of number of contours for each category was based on
the expectation that the strongest daN cross-peaks in extended strands
correspond to a distance of approximately 2.3 Å (strong), dNN cross-
peaks in helices correspond to a distance of approximately 2.9 Å
(medium), and that the daN(i, i+3) crosspeaks within helices corre-
spond to a distance of approximately 3.5 Å (weak). The upper bound
for the very weak category was set to 5.0 Å to allow for spin diffusion.
For each category the lower distance limit was set to 0.0 Å so as not
to interfere with the initial phase of the simulated annealing protocol,
during which all van der Waals radii are greatly reduced [48].
The upper-limit distance constraints in the initial ensemble of structure
calculations derived only from NOESY cross-peaks which could be
unambiguously assigned on the basis of chemical shift alone. Structure
refinement then proceeded in an iterative manner in which distance con-
straints were added or modified following analysis of the previous ensem-
ble of structures. In later rounds of structure calculations a set of ‘lower
limit’ distance constraints, all corresponding to sequential dNN connectivi-
ties, were used [11]. In each such case the corresponding NOE cross-
peak was absent or of not more than one contour in the 200ms mixing
time NOESY spectrum, the cross-peak was expected in a region free of
overlap, and both NH signals gave at least one normal NOE cross-peak
elsewhere in the spectrum. For these constraints the lower limit was set
to 3.3 Å and the upper limit to an arbitrary large value (10.0 Å).
In the final round of structure calculations, hydrogen bond constraints
were included for a number of backbone NH groups whose signals were
observed to slowly exchange with solvent. Criteria for the identification of
acceptors included average distances to the NH proton, average N–H–X
and H–X–C angles (X=acceptor atom), and visual inspection of the
structures. However, the key criterion applied was that such a constraint
was defined only if a single acceptor could be assigned unambiguously
from the previous ensemble of calculated structures. For NH–O
hydrogen bonds, two distance constraints were specified as
0.0 Å≤H–O≤2.3 Å and 2.5Å≤N–O≤3.3 Å. For NH–S hydrogen bonds,
the corresponding constraints were 0.0 Å≤H–S≤2.8 Å; and
3.0 Å≤N–S≤3.8 Å, based upon measurements of amide–sulphur hydro-
gen bond distances from crystallographic studies of proteins [49].
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Double quantum filtered correlation spectroscopy (DQF-COSY)
spectra recorded in 100% 2H2O were used to estimate 3J(Ha,Hb)
coupling constants. These estimates were used with intraresidue
NH–Hb and Ha–Hb distance constraints to derive χ1 dihedral angle
constraints and stereospecific assignments by comparison of these
parameters with those expected for the three possible staggered con-
formations around the Ca–Cb bond [50]. χ1 angles were constrained
to a range of at least ±30° about a central value of either 60°, –60°, or
180°. Further stereospecific assignments of Hb resonances were
obtained from calculated structures in cases where the χ1 angle was
sufficiently well defined in the ensemble of structures. These assign-
ment were determined from the χ1 angle in combination with at least
one, clearly non-averaged (Ha,Hb) coupling constant, and confirmed
where possible using dNb and dab NOE connectivities.
Structure calculations
Structures were calculated using simulated annealing protocols imple-
mented within the program X-PLOR version 3.1 [51,52] but including
modifications to use initial co-ordinates with randomized f and ψ
torsion angles, and to include a zinc atom with constraints on zinc co-
ordination geometry. An initial set of structures, calculated without zinc
binding constraints, confirmed that, as for all C2–H2 zinc fingers, both
histidines coordinated zinc through the Ne atom rather than the Nd
(data not shown).
Two slightly different protocols were employed which differed with
respect to the moment at which the zinc atom was first incorporated
into the model. The first comprised the standard protocol supplied with
X-PLOR 3.1 (60 ps molecular dynamics at 1000K followed by slow
cooling to 100K), followed by the addition of a zinc atom and appropri-
ate geometrical constraints (bond lengths and bond angles) to produce
tetrahedral coordination (described in [11]), and subsequent extensive
energy minimization. In the second protocol the zinc atom and geomet-
rical constraints were included earlier, at the end of the high tempera-
ture dynamics step, which was followed by a further 10 ps molecular
dynamics and slow cooling to 100K. The second protocol proved more
effective at avoiding local minima that were observed with the first pro-
tocol. Both protocols employed a set of distance constraints between
the zinc ligands to mimic the effect of zinc coordination during the early
phase of the calculation prior to the addition of the zinc atom and
bonding constraints [11]; these interligand constraints were removed
after addition of the zinc.
In all structure calculations the force field comprised only geometric
terms (bond lengths and angles, van der Waals repulsive terms, and
planarity constraints for peptide bonds and aromatic rings); electrosta-
tic, van der Waals attractive, and hydrogen bonding terms were not
included. A protocol to transpose particular atom names to achieve
consistent labelling of symmetry related atoms in planar groups was
also included [11]. Structure calculations were carried out using centre
averaging of distance constraints involving groups of equivalent atoms,
with appropriate pseudoatom corrections added to upper limit con-
straints [53]. A multiplicity correction of 0.5 Å was added to the upper
limit of distance constraints involving methyl groups [54,55].
Atomic rms deviations were calculated using the program Superpose
[56]. Backbone rms deviations were calculated for each residue using
the protocol provided with the X-PLOR program and the average struc-
ture calculated by Superpose. Angle order parameters (S) were calcu-
lated as described previously [57].
Structure coordinates have been deposited with the Protein Data Bank
(ID Code 1NCS), Chemistry Department, Brookhaven National Labora-
tory, Upton, NY 11973, USA.
Supplementary material available
Table of 1H resonance assignments for peptide m30F at pH 6.5 and
283K.
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